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Abstract
The Heavy Ion Synchrotron SIS100 is the core facility of the international FAIR project at GSI in Darmstadt. The magnet system
of the synchrotron will operate with a high cycle frequency up to 1 Hz. The magnet coils are made of a hollow NbTi composite
cable cooled by forced ﬂow of two phase helium. The dynamic heat losses in the magnets caused by fast ramping provide the
major part of the heat load to the cryogenic system of SIS100. Recently the ﬁrst series dipole magnet was produced and is being
intensively tested at the cryogenic magnet test facility at GSI. We present the status of these tests together with the obtained opera-
tion characteristics like a cool down and training behaviour, dynamic heat release and mass ﬂow rates.
c© 2014 The Authors. Published by Elsevier B.V.
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1. Introduction
The Facility of Proton and Ion Research (FAIR) will be constructed as a set of accelerators and storage rings at
GSI. The aim of the project is to provide high intensity primary and secondary beams of ions and antiprotons for
experiments in nuclear, atomic and plasma physics. The SIS100 synchrotron with magnetic rigidity of 100 Tm will
accelerate ions and protons at a high repetition rate at about 1 Hz which requires fast-ramped superconducting magnets
with high dynamic heat release.
The starting point for the design of the magnets and of the cooling system for the SIS100 was the Nuclotron syn-
chrotron at JINR in Dubna, which was constructed on the basis of the fast-cycling super-ferric magnets (Khodzhibagiyan
and Smirnov (1988)) and is successfully in operation since 1993. During an intensive R&D phase the magnets ﬁeld
quality was optimized and the dynamic heat losses were considerably reduced in comparison to the original Nuclotron
magnets (Kovalenko et al. (2006)). The losses were experimentally measured on short models and on full size pro-
totypes. Finally the ﬁrst of series dipole magnet (FoS dipole) was built and tested at the prototype test facility at
GSI.
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Fig. 1: Training behaviour of the FoS magnet (left) and the operation in the continuous triangular cycle with 1 Hz repetition frequency (right).
The magnet is cooled by two phase forced helium ﬂow. The SIS100 ring will be divided into six independently
cooled sectors with 18 main dipole magnets and 28 quadrupole units in each sector. The supply header will provide
the subcooled helium at P∼1.6-1.7 bar and T ∼4.5K. All magnet modules in a sector will be connected to the common
supply and return headers and will form about 50 parallel cooling channels.
2. Cool down and power tests
The ﬁrst cold run of the magnet was performed at the prototype test facility at GSI in December 2013 followed by
another two cold runs in the ﬁrst half-year 2014. The testing program included the training of the magnet, power tests,
measurements of the magnetic ﬁeld quality, static and dynamic heat losses and the study of the quench behaviour.
The cool down time of the magnet was about six days. The measured static heat load was 14 W. The major part
of the heat load was caused by the optical windows for the measurements of the magnet position and by the anti-
cryostat for the magnetic measurements. The training curve of the magnet is shown on the Fig. ??. The magnet has
reached the nominal current of 13.2 kA after the ﬁrst quench and has shown no de-training after the thermal cycles.
During the power tests the magnet was continuously ramped at the ramp rates of up to 4 T/s, including the continuous
cycling between the injection ﬁeld of 0.23 T and the maximal extraction ﬁeld of 1.9 T with the repetition frequency
of 1 Hz (Fig. ??, right). This operation mode of the synchrotron will cause the maximal dynamic heat release in the
superconducting magnets.
3. Dynamic heat load
The dynamic heat release in the fast ramped superconducting magnets (AC losses) varies in the wide range de-
pending on the operation mode of the synchrotron. The main parameter of the operation cycle are the injection and
extraction ﬁelds Bmin and Bmax, the lengths of the injection and extraction plateaus and the ﬁeld ramp rate B˙ = dB/dt.
The duration of the acceleration cycle varies between several seconds for the cycles with slow extraction and few tenth
of second for the cycles with one-turn injection, fast extraction and low extraction ﬁeld.
The measurement of the dynamic heat load were done at diﬀerent ramp rates between 1 and 4 T/s and at diﬀerent
levels of Bmax between 1.0 and 1.9 T. To obtain the AC losses the current and the voltage across the magnet are
simultaneously sampled by two high accuracy digital multimeters. The AC losses per cycle Ecycle were calculated by
integration of the instantenious electrical power over the whole cycle. To compare the AC losses of the ﬁrst of series
dipole with the prototype magnets (Bleile et al.) the data were evaluated using the same parametric model. The length
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Fig. 2: Dynamic heat release in the First of series dipole. Left picture shows the heat release in the triangular cycles for Bmin = 0 and for diﬀerent
Bmax and dB/dt . Right picture shows the dissipated energy for the cycles with ﬁxed ramp rate dB/dt= 4 T/s and ﬁxed injection ﬁeld Bmin =
0.23 T for diﬀerent extraction ﬁelds Bmax. The triangle on the right picture denote the calorimetric measurement.
of the pure triangular cycle tΛ without delays for the injection and extraction and with Bmin=0 is equal to 2Bmax/B˙
however the real cycle length tcycle is slightly larger due to a rounding time of 50 ms for each transition from the
constant ﬁeld level at the beginning and at the end of the ramp. As a ﬁrst step the measured losses Ecycle were scaled
to obtain the equivalent power of the pure triangular cycle:
PΛ = Ecycle/tΛ. (1)
The errors ΔE (about 10%) were scaled by the same factor 1/tΛ. Then the AC loss power PΛ was ﬁtted by function
PΛ = qh(Bmax) · f + qe(Bmax) · f 2. (2)
With f = 1/tΛ the repetition frequecy of the triangular cycle. The measured data and ﬁt curves are shown on the
Fig. ??. The linear term in (2) can be interpreted as a contribution of the hysteresis losses in both the magnet yoke
and in the superconducting coil. The quadratic term represents the other sources of the AC losses, mainly the eddy
current losses in the yoke and the losses in the matrix of the superconducting cable. For the dipole prototypes and for
the FoS dipole the both terms could be ﬁtted with suﬃcient accuracy with the ﬁt functions:
qh = h · B2max, (3)
qe = e · B2.5max. (4)
Thus the losses in the FoS dipole can be described by two parameter h = 4.2 ± 0.5 and e = 6.0 ± 0.2. The losses are
considerable smaller then in the full size prototype C2LD (curved 2 layer dipole) with h = 12.0±0.4 and e = 4.2±0.2.
The reason of the loss reduction is the new cable design with mixed Cu-CuMn matrix and the new steel grade with
higher silicon content for the magnet yoke. Fig. ??, left shows the dissipated energy per cycle for the constant injection
ﬁeld of 0.23 T. The extraction ﬁeld Bmax was varied between 1.0 and 1.9 T while the ramp rate was ﬁxed at 4 T/s.
The length of the cycle with Bmax = 1.9 T is 0.998 s ( f ∼ 1 Hz) thus the maximal expected dynamic heat release in
the dipole magnets are 49 ± 5 W. The heat release in this cycle was also measured using the calorimetric method (red
triangle on the Fig. ??, right). The dynamic heat load measured calorimetricaly is 41 ± 4 W. The calorimetric method
gives a smaller value, but both numbers are still compatible within error bars.
4. Cooling conditions and mass ﬂow rates
The cooling scheme of the SIS100 dipole magnet is shown on the Fig. ??. The helium from the supply header
passes three pairs of the bus bars, the dipole coil, another pair of the bus bars, a heat exchanger in the supply header
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Fig. 3: Left: The cooling scheme of the dipole module. The helium ﬂow passes among the magnet coil and yoke also the dipole bus bars and three
pairs of bus bars for the quadrupole powr circuits. Right: Measured and calculated temperature distribution along the cooling channel for the
triangular cycle with 45 W dynamic heat release.
and the cooling channel in the magnet yoke. The hydraulic resistance of the cooling circuit is deﬁned by the coil and
bus bars made of a Nuclotron type cable with the inner diameter of 4.7 mm and the total length of 108 m. The aim of
the embedded heat exchanger (recooler) is to keep the helium in the supply header in the single phase over the whole
length of the SIS100 sector.
Since the cryogenic system of the prototype test facility could not provide the sub-cooled helium the test were
performed with two-phase helium at P=1.8 bar at the magnet input. The vapour quality on the input could be calculated
by comparison of the static heat load to the cold magnet and at the temperatures of 16-17 K (magnet cool down) and
was about x = 0.3-0.35 in the stand by operation and 0.1-0.2 at ramping. The mass ﬂow rate through the magnet was
measured by calorimetric and by coriolis mass ﬂow sensors. The mass ﬂow rate depends on the pressure diﬀerence
between the supply and return headers (ΔP = 0.4− 0.5 bar) as well as on the static and dynamic heat loads and on the
distribution of the heat load between the coil and the yoke. At the stand by operation without ramping the measured
mass ﬂow rate was about 1.9 g/s. A minimal mass ﬂow rate of approximately 1.6 g/s was measured at the test station
when the magnet was ramped in continuous triangular cycle with 1 Hz repetition frequency. The temperature proﬁle
along the cooling channel measured at the continuous triangular cycle is shown Fig. ??. The dashed line is calculated
for the vapour quality x = 0.1 on the input and 45 W total dynamic heat release with the assumption that 60% of the
losses occurs in the yoke. The measured mass ﬂow rate of 1.57 ± 0.02 g/s is in good agreement with the calculated
value of 1.61 g/s in view of the uncertainties in the measured losses, loss distribution between coil and yoke and in
the not well known vapour quality on the helium inlet.
5. Conclusions
The ﬁrst series dipole for the SIS100 synchrotron has been successfully tested wit respect to the cooling conditions
and heat release. The dynamic heat load was signiﬁcantly reduced in comparison to the full size prototype magnets.
The cooling by two phase helium enable the reliable operation in synchrotron at the repetition frequency up to 1 Hz.
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